Aim The objective of the present study was to identify the microbial £ora within root canals of teeth with failed root-canal treatment and to determine the association of the various species with clinical features. Methodology Sixty root-¢lled teeth with persisting periapical lesions were selected for this study. During nonsurgical endodontic re-treatment, the root-¢lling material was removed and the canals were sampled. Microbial sampling, isolation and species determination were performed using advanced microbiological techniques for anaerobic species. The association of microbiological ¢ndings with clinical features was investigated. Results Microorganisms were recovered from 51 teeth. In most cases, one or two strains per canal were found. Of the microbial species isolated, 57.4% were facultative anaerobic species and 83.3% Gram-positive microorganisms. Enterococcus faecalis was the most frequently recovered bacterial species. Obligate anaerobes accounted for 42.6% of the species and the most frequently isolated genera was Peptostreptococcus, which was associated with clinical symptoms (P < 0.01). Signi¢cant associations were also observed between: (a) pain or history of pain and polymicrobial infections or anaerobes (P < 0.05); (b) tenderness to percussion and Prevotella intermedia/P. nigrescens (P < 0.05); (c) sinus and Streptococcus spp. (P < 0.001) or Actinomyces spp. (P < 0.01); (d) coronally unsealed teeth and Streptococcus spp. or Candida spp. (both with P < 0.01). Conclusion The microbial £ora in canals after failure of root-canal treatment were limited to a small number of predominantly Gram-positive microbial species. Facultative anaerobes, especially E. faecalis, were the most commonly isolated microorganisms, however, polymicrobial infections and obligate anaerobes were frequently found in canals of symptomatic root-¢lled teeth.
Introduction
Bacteriaor theirproductsareconsideredtobetheprimary aetiological agents of pulpal necrosis and periapical lesions (Kakehashi et al.1965 , Mo« ller et al.1981 ,Takahashi 1998 . Therefore, their elimination is one of the most important steps in root-canal treatment. In most cases failure of root-canal treatment occurs when treatment procedures have not met a satisfactory standard for control and elimination of infection (Nair et al. 1990 , Lin et al. 1991 . Persisting bacteria in root canals may be those originally present in the necrotic pulps that survive the biomechanical procedures, which may be located in missed canals or uninstrumented areas of the canals (Fukushima et al. 1990 , Ida & Gutmann 1995 , Sjo« gren et al. 1997 . Conversely, bacteria may originate from the oral cavity, contaminate the root canal during treatment owing to inadequate aseptic control (Siren et al.1997) , or invade the root-¢lling viacoronal leakage after root-canal treatment (Torabinejad et al. 1990 , Magura et al. 1991 .
Although it has been reported that nonmicrobial factors may be implicated in root-canal treatment failure, the literature suggests that persistent intraradicular or secondary infections are the major causes of the failure of root-canal treatment (Siqueira 2001) . Recent studies using advanced microbiological techniques for anaerobic species (Molander et al. 1998 , Sundqvist et al. 1998 , Peciuliene et al. 2000 have revealed the composition of root-canal microbiota after failed treatment differs from that normally found in untreated teeth. The necrotic pulp presents a polymicrobial £ora characterized by a wide variety of combinations of bacteria, averaging 4^7 species per canal, predominantly anaerobic, with approximately equal proportions of Gram-negative and -positive bacteria (Sundqvist et al.1989 , Baumgartner & Falker 1991 , Sundqvist 1992a ,b, Sato et al.1993 , Gomes et al. 1994 , 1996a Gomes 1995 , Baumgartner et al. 1999 . In contrast, the microbial £ora detected in previously root-¢lled teeth with apical periodontitis can be characterized as monoinfection with predominantly Gram-positive microorganisms, with approximately equal proportions of facultative and obligate anaerobes (Sundqvist et al. 1998) . Molander et al. (1998) found that facultative anaerobic species predominated amongst the isolates (69% of identi¢ed strains). Enterococcus faecalis were the most commonly isolated species fromroot canals of teeth with failed endodontic treatment (Molander et al. 1998 , Sundqvist et al.1998 , Peciuliene et al.2000 .
Whereas follow-up studies on the root-canal treatment report success rates of 85^96% (Swartz et al. 1983 , Smith et al. 1993 , the literature has indicated that the success of re-treatment of teeth with apical periodontitis is lower, with an overall success rate of 66% (Allen et al. 1989 , Hepworth & Friedman 1997 . Molander et al. (1998) suggested that this poorer prognosis in root-canal re-treatments may be associated with di⁄culties in the elimination of the particular micro£ora in cases of root-canal treatment failure. A thorough knowledge of this micro£ora could guide new strategies to combat infection, leading to a better prognosis for root-canal re-treatments. The aim of the present study was to investigate the microbial £ora of teeth with failed root-canal treatment and the association of constituent species with clinical features.
Materials and methods

Clinical material
Patients were selected from those who attended the Piracicaba Dental School, SP, Brazil, with a need for nonsurgical endodontic re-treatment. A detailed medical and dental history was obtained from each patient. Patients who had received antibiotic treatment during the last 3 months or had a general disease were excluded from the study. The Ethical Committee in Research of the Dental School of Piracicaba approved a protocol describing the specimen collection for this investigation, and all patients signed informed consent to participate in the study.
Sixty teeth were included; all had been previously root ¢lled and showed radiographic evidence of apical periodontitis. Failure of root-canal treatment was determined on the basis of clinical and radiographical examinations. Most of the teeth (90%) had been root-canal-treated more than 4 years ago; in six cases teeth had been root ¢lled more than 2 years ago and the patients presented with persistent symptoms and/or discomfort to percussion. The following features were recorded for each patient, so that they could be correlated with the microbial ¢ndings: tooth type, clinical symptoms, presence or absence of a sound coronal restoration (i.e. a permanent restoration that clinically and radiographically appeared sealed), caries, sinus, swelling of periodontal tissues, tenderness to percussion, mobility, periodontal status of the tooth, status of the root canal in terms of whether dry or wet (the term 'wet canal' in this study means presence of exudate), and the radiographic quality of the root-canal ¢lling. Coronal restorations were categorized as defective if there were open margins, fracture or recurrent decay. Initial root ¢llings were classi¢ed as good if no voids were present and were within 2 mm of the radiographic apex. If one or more of these criteria were not met, these were classi¢ed as poor (Ray & Trope 1995) .
Sampling procedure
All coronal restorations, posts and carious defects were removed. After access cavity preparation, the teeth were individually isolated from the oral cavity with a rubber dam, and disinfected with 5.25% sodium hypochlorite. The solution was inactivated with 5% sodium thiosulphate in order to avoid interference with bacteriological sampling. Aseptic techniques were used throughout root-canal treatment and sample acquisition. In each case, a single root canal was sampled in order to con¢ne the microbial evaluation to a single ecological environment. In multirooted teeth, the root with the periapical lesion was selected. If there were periapical lesions in all roots, the wider canal was selected. The root ¢ll-ing was removed using Gates^Glidden drills (Dentsply Maillefer, Ballaigues, Switzerland) and endodontic ¢les without the use of chemical solvents. Irrigation with sterile saline solution was performed in order to remove any remaining materials and to moisten the canal prior to sample collection.
For microbial sampling, a sterile paper point was introduced into the full length of the canal (as determined with a preoperative radiograph), and kept in place for 60 s. In the cases that had been previously irrigated with saline, as many paper points as possible were used to absorb all liquid or £uid inside the canal. The canal ori¢ce was £ushed with nitrogen gas during sampling. The paper point samples from the root canal were transferred immediately to a transport medium^VMGA III (Mo« ller 1966 , Dahle¤ n et al.1993 ) and transported within 15 min to an anaerobic workstation (DonWhitley Scienti¢c, Bradford, UK) in the microbiology laboratory. The average time between sample collection and laboratory processing was 4 h.
Microbial isolation
Inside the anaerobic workstation, the transport media, containing glass beads with a diameter of 3 mm to facilitate mixing and homogenization of the sample, were shaken thoroughly in a mixer for 60 s (Agitador MA 162-MARCONI, Sa‹ o Paulo, SP, Brazil). Serial10-fold dilutions were made up to1/10 4 in fastidious anaerobe broth (FAB, Laboratory M, Bury, UK) and 50 mL of each serial dilution were plated onto several media using sterile plastic spreaders. Obligate anaerobes and facultative anaerobes were cultured nonselectively on plates containing 5% de¢bri-nated sheep blood^fastidious anaerobe agar (FAA, Laboratory M, Bury, UK) incubated at 37 8C in an atmosphere of 10% H 2 , 10% CO 2 and 80% N 2 for 2, 5 and 14 days. Selecting for Gram-positive anaerobes and actinomycetes involved the use of a 5% de¢brinated sheep blood-FAA þ nalidixic acid (NAL, 0.001% w/v, Laboratory M, Bury, UK) agar plate at 37 8C anaerobically, for 2, 5 and 14 days. Selecting for Gram-negative anaerobes involved the use of a 5% de¢brinated sheep bloodF AA þ NAL þ vancomycin (VAN, 0.00025% w/v, Laboratory M, Bury, UK) agar plate at 37 8C anaerobically, for 2, 5 and 14 days. Selection for clostridia and other anaerobes involved the use of a 5% blood-FAA þ neomycin (NEO, 0.0075% w/v neomycin, Laboratory M, Bury, UK) agar plate at 37 8C anaerobically, for 2, 5 and 14 days.
To detect aerobes and facultative anaerobes the samples were inoculated onto 5% de¢brinated sheep bloodColumbia agar plates and incubated aerobically at 37 8C for 2 days.
After incubation, each plate was examined and the different colony types subcultured onto plates to obtain pure culture. The colonial appearance was used for selecting the colonies for further study. Pure cultures were then initially identi¢ed according to their Gram morphology, ability to produce catalase and gaseous requirements.
Gaseous requirements were determined as follows: each colony obtained by anaerobic incubation was used to inoculate two plates of 5% sheep blood Columbia agar. One was incubated for 2 days aerobically and the other for the same length of time anaerobically. The respective plates were then compared. Strict anaerobes were those which are able to growonly under strictlyanaerobic conditions.
These procedures permit the primary identi¢cation of the strain as Gram-positive or -negative, coccus or bacillus, catalase-positive or -negative, and aerobic and anaerobic. Based on these primary results, the appropriate kit for identi¢cation was selected.
Microbial species determination
The following identi¢cation kits were used for primary speciation of individual isolates: Rapid ID 32 A (Bio Merieux, Marcy-l'Etoile, France) for obligate anaerobic Gram-negative and -positive rods; RapID ANA II System (Innovative Diagnostic Systems Inc., Atlanta, GA, USA) for obligate anaerobic Gram-positive cocci; API Staph (Bio Merieux, Marcy-l'Etoile, France) for staphylococci and micrococci (Gram-positive cocci, catalase-positive); Rapid ID 32 Strep (Bio Merieux, Marcy-l'Etoile, France) for streptococci (Gram-positive cocci, catalase-negative); Rapid NH System (Innovative Diagnostic Systems Inc., Atlanta, GA, USA) for Eikenella, Haemophilus, Neisseria and Actinobacillus.
These kits are based on distinct biochemical tests (enzymatic reactions). Each kit, therefore comprises rows of individual cupules (each containing a di¡erent substrate) to which inoculum is added. After a period (4 h for most species but 18 h for Staphylococcus spp.) of incubation, and subsequent addition of the reagents, precipitation or colour changes appear in individual cupules. Typically, a positive test is observed as a colour change when a chromogenic substrate in an individual cupule is hydrolysed and liberates a coloured product. The results were read visually and identi¢cation of the strains was interpreted with the Analytical Pro¢le Index. For the black-pigmenting Gram-negative anaerobes, the following additional tests were also performed: (a) £uorescence under long-wave (366 nm) UV light; (b) haemagglutination of 3% sheep erythrocytes; (c) lactose fermentation^by application of the £uorogenic substrate 4-methylumbelliferyl-b-galactoside (Sigma Chemical Co., St Louis, MO-M-1633), according to Alcoforado et al. (1987) ; and (d) trypsin-like activity by application of the synthetic £uorogenic peptide 7-(N-carbobenoxyglycylglycylarginin-7-amido)-4-methylcoumarinhydrochloride (C-9396) (Nakamura et al. 1984 , Slots 1987 .
Statistical analysis
The data collected for each case (clinical and radiographic features, and the bacteria isolated) were entered into a spreadsheet (QUATTRO Pro, BorlandInternational Inc., Scotts Valley, CA, USA) and analysed statistically using SPSS for Windows (SPSS Inc., Chicago, USA). The Pearson chi-square test or the one-sided Fisher's exact test, as appropriate, was chosen to test the null hypothesis that there was no relationship between: (a) clinical symptoms (pain or history of pain), clinical signs (sinus, swelling, canal exudate, tenderness to percussion), presence and quality of coronal restorations, quality of the previous endodontic treatment; and (b) the presence of any particular species of bacteria in previously roottreated canals.
Results
Forty-seven teeth were single-rooted and13 multirooted. Five patients presented for treatment with acute pain. The remainder had no spontaneous pain, although 20 gave a history of previous pain.Tenderness to percussion was present in 20 teeth and a sinus tract was detected in ¢ve patients. Thirty-seven teeth were restored with a permanent coronal restoration, 22 of which were defective and 15 sound. Ten teeth were restored with temporary restorative materials showing breakdown or fracture, and 13 had no restorations. Previous guttapercha ¢llings were present in all teeth. Upon radiographic examination, 22 teeth had good root ¢llings, whilst 38 had poorly obturated canals.
One hundred and eight cultivable isolates belonging to 37 di¡erent species (Table 1) were recovered from the 60 root canals examined after root ¢lling removal. Nine (15%) root canals had no cultivable bacteria; 28 (46.7%) cases presented a single microorganism, in 18 of them Enterococcus faecalis was the only microorganism isolated from the canal; 8 (13.3%) cases presented two species and 15 (25%) were polymicrobial infections consisting of three or more species per canal.The clinical and radiographic features and microbial ¢ndings of each case are presented in Table 2 .
Facultative anaerobes accounted for 57.4% of all species isolated, and obligate anaerobes accounted for 42.6%. There was a predominance of Gram-positive species (83.3%). The prevalence of bacterial genera found in the 60 root canals is shown in Fig. 1 . E. faecalis was the bacterial species most frequently recovered, being found in 27 (52.94%) of the 51 canals with bacteria, 18 times in pure culture.
Clinical features were present in teeth associated with 60 canals as follows: spontaneous pain (5/60), history Microorganisms from canals of root-filled teeth Pinheiro et al. 
bbreviations used:T, tooth;TAT, time after treatment (years); R, restoration; GR, good restoration; PR, poor restoration;TR, temporary restoration; NR, no restoration; P, pain; HP, history of pain;TTP, tenderness to percussion; Sw, swelling; PR, periapical radiolucency; W, wet canal; D, dry canal; Si, sinus tract; RCF, root-canal filling; GE, good endodontic filling; PE, poor endodontic filling;Y, yes; and N, no.
Microorganisms from canals of root-filled teeth Pinheiro et al.
of pain (20/60), tenderness to percussion (20/60), sinus (5/60), swelling (1/60) and wet canal (5/60). Root-¢lled teeth with pain or history of pain were associated with the presence of polymicrobial infections and anaerobes (P < 0.05), including Prevotella spp. (especially P. intermedia/P. nigrescens) and Fusobaterium spp. (P < 0.05). Spontaneous pain was especially associated with the isolation of Peptostreptococcus spp. (P < 0.01). Tenderness to percussion was observed in 20 root canals and was associated with P. intermedia/P. nigrescens (P < 0.05). Five cases of sinus were associated with the ¢ndings of Streptococcus spp. (P < 0.001) and Actinomyces spp. (P < 0.01), especially A. naeslundii (P < 0.001). Coronally unsealed teeth showed a signi¢-cant association with Streptococcus spp. (P < 0.01) and Candida spp. (P < 0.01).
There were no signi¢cant relationships between the radiographic status of the endodontic treatment and the presence of any particular species of bacteria (P > 0.05). However, poorly obturated canals were found to be associated with polymicrobial infections (P < 0.05).
Discussion
In the present study, microorganisms were recovered from 51 of the 60 teeth examined. The ¢nding that 15% of root canals had no cultivable bacteria was not entirely unexpected; earlier studies were unable to isolate bacteria from 55.6% (Sundqvist et al.1998 ), 26.6% (Molander et al.1998 ),20% (Peciuliene et al.2000) and17.5% (Peciuliene et al. 2001 ) of teeth where chloroform was not used to dissolve the gutta-percha. However, failure to detect bacteria does not prove their absence. Although the sampling techniques and laboratory procedures used in this study have been previously shown to be highly e¡ective (Gomes et al. 1994 (Gomes et al. , 1996a Gomes 1995) , it is possible that some microorganisms could have been lost, especially if the number of microorganisms present in the root canal was verylowor if they were present in inaccessible areas such as anatomical branches and apical areas obliterated by the previous treatment. Furthermore, some microorganisms could have been removed together with the previous root ¢lling and debris (Sundqvist et al. 1998) . The results showed that amongst the 51 teeth with positive culture, 28 cases presented a single species, 8 cases presented two species, and15 cases presented polymicrobial infections consisting of 3 or more species per canal. These ¢ndings agree with those reported by Sundqvist et al. (1998) who found monoinfections in 19 of 24 teeth with bacteria. The same authors suggested that teeth with poor root-canal treatment are more likely to have a £ora similar to that found in untreated canals than the teeth with apparently well-cleaned canals. The present investigation involved teeth with good and poor root-canal ¢llings, and showed a signi¢cant association between poorly obturated canals and polymicrobial infections (P < 0.05). It also involved symptomatic or asymptomatic teeth, and again polymicrobial infections were associated with spontaneous pain or history of pain (P < 0.05).
Of the total bacterial species isolated, 57.4% were facultative anaerobes and 83.3% Gram-positive species. This ¢nding is in accordance with earlier studies by Sundqvist et al. (1998) and Molander et al. (1998) , who found 58 and 69% facultative anaerobes and 87 and 74.3% Gram-positive microorganisms, respectively. In the present study, the facultative anaerobic genera most frequently isolated were Enterococcus, Streptococcus and Actinomyces, in agreement with previous ¢ndings (Sundqvist et al. 1998) .
Obligate anaerobes accounted for 42.6% of the species and the most frequently isolated genera was Peptostreptococcus, which was signi¢cant associated with clinical symptoms. Prevotella spp. (especially P. intermedia/ P. nigrescens) and Fusobacterium spp. were frequently isolated from canals of root ¢lled teeth with pain or history of pain. P. intermedia/P. nigrescens was associated with tenderness to percussion. Several studies investigating the microbiology of primary infected root canals also reported a relationship between the presence of anaerobes with clinical symptoms, whilst oral streptococci and enteric bacteria were frequently isolated from asymptomatic teeth (Yoshida et al. 1987 , Baumgartner 1991 , Gomes et al. 1994 , 1996a .
The presence of a sinus tract was associated with either Streptococcus spp. or Actinomyces spp., especially A. naeslundii. In all but one case the root canals had a mixed £ora. Anaerobes belonging to Prevotella, Peptostreptococcus and Fusobacterium species and also facultative anaerobes such as E. faecalis were also isolated. Gomes et al. (1994 Gomes et al. ( ,1996a also found that the microbiota present in teeth with a sinus was predominantly mixed.
Facultative anaerobic and Gram-positive bacteria, such as Enterococcus, Streptococcus and Actinomyces, are more resistant to instrumentation and to antiseptic agents, and therefore can be expected to persist more frequently inthe root canal after inadequate root-canal preparation and obturation (Cavalleri et al. 1989 , Gomes et al.1996c , Molander et al.1998 . Persisting microorganisms or their products can maintain an infectious process and cause treatment failure. According to Molander et al. (1998) , facultative anaerobes can survive in a quiescent phase with low metabolic activity for a period of time, and factors such as coronal leakage can change the nutritional conditions and contribute to bacterial growth.
E. faecalis was the bacterial species most frequently recovered, being found in 52.94% of canals with bacterial growth. This ¢nding agrees with those reported by Molander et al. (1998) and Sundqvist et al. (1998) who, respectively, found E. faecalis in 47 and 38% of previously root-treated canals with positive culture. Peciuliene et al. (2000 Peciuliene et al. ( , 2001 reported a higher isolation frequency of this microorganism:70 and 64%, respectively.
In the present study, E. faecalis was isolated in pure culture in 18 of the 27 cases where this species was present. Peciuliene et al. (2000 Peciuliene et al. ( , 2001 , respectively, isolated this microorganism in pure culture in 5 of 14 cases and in11of 21 teeth. Studies have shown the pathogenicity of this species in monoculture (Fabricius et al. 1982) . E. faecalis has demonstrated the capacity to survive inan environment inwhich there are scant available nutrients and in which commensality with other bacteria is minimal (Sundqvist et al.1998) . It has been postulated that a virulence factor of E. faecalis in failed endodontically treated teeth may be related to the ability of E. faecalis cells to maintain the capability to invade dentinal tubules and adhere to collagen in the presence of human serum (Love 2001) .
E. faecalis makes up a small percentage of the £ora in the original infection and may be favoured by the changed ecology in the root canal and establish infections which are di⁄cult to treat (Engstro« m 1964 , Goldman & Pearson 1969 , Cavalleri et al. 1989 , Sundqvist 1992a . Gomes et al. (1996c) showed that E. faecalis was more frequently recovered from the canals in later appointments after biomechanical treatment procedures. Sundqvist et al. (1998) reported that from nine cases in which E. faecalis was isolated in initial samples during root-canal re-treatment, ¢ve root canals contained this bacterial species after cleaning and shaping and the use of calcium hydroxide as medicament. Molander et al. (1998) suggested that the use of calcium hydroxide as an intracanal dressing may be one of the reasons for selection of E. faecalis in root canals, as these bacteria are able to survive high pH values (Bystro« m et al.1985 , Haapasalo & Orstavik 1987 , and could have a negative impact on the prognosis. However, Peciuliene et al. (2000) found a high frequency of E. faecalis in teeth in which calcium hydroxide was not used for treatment, indicating that, rather than previous chemical treatment, it is the ecological condition of the incompletely ¢lled root canal that is important for the presence of this microorganism.
According to Siren et al. (1997) , Enterococcus spp. and other enteric bacteria may enter the root canal during treatment owing to inadequate isolation of the working area, leakage of the temporary ¢lling or in cases where the root canal had been incorrectly left open for drainage. The same study showed that the number of failed cases was signi¢cantly higher in teeth that harboured enteric bacteria than in teeth that harboured nonenteric-bacteria.
As the root-canal treatment of the teeth investigated in this study were carried out by unknown operators, microbial samples were not collected before root-canal ¢lling. Therefore, it is not possible to determine whether the microorganisms recovered had persisted after prior root-canal treatment, had contaminated the root canal during treatment or had invaded the root ¢lling via coronal leakage after root-canal treatment.
In the present study, coronal leakage (by defective coronal restorations, old temporary restorative materials or coronally unsealed teeth) was detected in most of the teeth (45/60), and may have in£uenced the microbial ¢ndings. In the cases of absence of a coronal restoration, signi¢cant relationships were found with Streptococcus spp. (P < 0.01) and Candida spp. (P < 0.01).
Although fungi have usually not been found in the initial £ora of root-canal infections, their presence is more common in persistent infections after root-canal preparation, probably as a result of contamination during treatment, or in cases of root-¢lled teeth with therapy-resistant periapical lesions (Nair et al. 1990) . In the present investigation, Candida spp. was recovered in 2 of 60 cases. This agrees with those of Sundqvist et al. (1998) and Molander et al. (1998) who reported the presence of this microorganism in 2 of 54 teeth and in 3 of 100 teeth examined, respectively. Peciuliene et al. (2001) found Candida albicans in 6 of 40 teeth studied. Waltimo et al. (1999) have shown that Candida spp. are highly resistant to antiseptics and disinfectants commonly used as endodontic irrigants and medicaments. These microorganisms have been isolated in pure cultures from root-canal infections, a fact that may indicate that these are pathogenic in apical periodontitis (Waltimo et al.1997) .
Conclusion
In conclusion, the £ora of canals with failure of rootcanal treatment comprised a limited number of predominantly Gram-positive microbial species. Facultative anaerobes, especially E. faecalis, were the most commonly isolated microorganisms from teeth. However, polymicrobial infections and obligate anaerobes were frequently found in canals of symptomatic root ¢lled teeth. This information should direct further studies at methods to eliminate infection during re-treatment, in order to improve the prognosis.
The present analysis is exploratory. It must be stressed that owing to a large number of statistical tests, it is possible that some associations are statistical artefacts. Particular relationships that have been identi¢ed will need to be corroborated with a con¢rmatory study. Such a study enables the construction of a more speci¢c hypothesis and this, in turn, facilitates the employment of a multivariable method to eliminate possible confounding factors.
